Paris, 1959-1962
After graduation in 1959, Hondros returned to Europe to work as a Research Fellow at the Laboratoire de Chimie Appliquée, rue Pierre et Marie Curie, Paris; at that time a constituent establishment of the University of Paris. There, his CSIRO work on metal-gas reactivity continued in collaboration with Professor Jacques Oudar. The research deepened with the study of surface faceting of copper in various partial pressures of oxygen and at various temperatures. Striations on the surface required a certain oxygen partial pressure, and oxidation was shown to be initiated where dislocations intersected the surface (4) . This led to a research thesis and a doctorate for Hondros from the University of Paris (Dr d'U).
Hondros's years in Paris enabled him to gain a fluency in the French language and a lifetime's love of French literature and the Parisienne café culture of the 1960s. It also opened opportunities to collaborate with French laboratories during the following decades, in particular with the École des Mines de Paris.
In 1986, Hondros was made an Honorary Member of the Société Française de Métallurgie et de Matériaux.
London, 1962-1985
Ernest Hondros joined the Metallurgy Division of the National Physical Laboratory (NPL), in Teddington, south west London, as a Senior Research Fellow in 1962. It was at NPL that he undertook most of his research.
Hondros's early studies at CSIRO and Paris led to the recognition of the need to establish valid measurements of the surface and grain boundary energies. At NPL, Hondros joined Dr Donald McLean who had wide interests in the grain boundaries and creep of metals. McLean had predicted that elastic strain would provide the activation energy necessary to cause dilute solutes in, say, iron to segregate to surfaces, grain boundaries and dislocations. This was thought to be important in intergranular brittle fracture. Work at NPL had shown that dilute levels of the solutes oxygen, nitrogen and phosphorus in iron annealed at 600°C to 1000°C, promoted low temperature intergranular brittleness.
By measuring the strain rates of iron foils heated in vacuo with various loads, Hondros could deduce the surface energies in both the δ-and γ -phases for pure iron and for iron with various additions of phosphorus.
The difficult problem of measuring the strain at high temperature repeatedly for many loads was accomplished by an elegant X-ray imaging system. Data interpolated to zero strain ratethe so called 'zero creep' method illustrated in figure 1-gave the surface energy directly. These results were interpreted using the Gibbs adsorption isotherm to show that the saturation level of phosphorus at the surface was about a monolayer, with one atom per area of side 0.27 nm. Grain boundary energies were then deduced from the surface grooving and the saturation level there was shown to be only 46% of that at the surface. This confirmed, for the first time, the earlier segregation predictions of McLean. Measurements could only be made at high temperatures. However, iron at room temperature is bcc just as it is in the α-phase. Extrapolations were therefore meaningful, using McLean's version of the Langmuir adsorption theory, to show that the grain boundary segregation at 600°C to 1000°C would be 70% of a monolayer, drastically exacerbating intergranular brittleness.
An incidental by-product of the study was the observation that the phosphorus present increased significantly the iron self-diffusivity (5). This increase was shown also for nitrogen. The overall study was a remarkable achievement requiring many careful strain measurements for many alloys at high temperatures over long periods. These were the first, albeit indirect, quantitative measurements of surface and grain boundary segregation amounts.
In high temperature creep, it was thought that deformation occurred not by dislocation movement but by the emission of vacancies or atoms by grain boundaries. The rate of this Herring-Nabarro creep was dependent on the iron self-diffusivity and so it was clear that solutes and impurities such as silicon, nitrogen and phosphorus would raise the creep rate (6).
Studies of the important Fe-3%Si system showed that the silicon was modestly enhanced both at the surface and the grain boundaries. Oxygen, however, as ambient or solute impurity, would severely reduce the surface energy, particularly of the {100} surfaces. At low partial pressures (pH 2 O/pH 2 < 10 −4 , i.e. 10 −18 atmospheres equivalent), the {110} surfaces have the lowest surface energies, and crystals with these surfaces tend to grow at the expense of others during secondary recrystallization. However, at higher partial pressures, oxygen preferentially adsorbs on {100} planes, reducing their energies and causing crystals with those surfaces to grow instead during secondary recrystallization. Thus, control of the annealing atmosphere was demonstrated to control the {110} or {100} texture of the resulting material (7, 8) .
Analysis of many systems showed that the grain boundary activity or enrichment factor (β gb ) of solutes measured by the ratio of the amount at the boundary to that in solution in the bulk was, at equilibrium, roughly proportional to the inverse of the solute's solubility-the more insoluble, the higher the segregation. This simple rule is intuitively understood, since a high strain energy associated with each solute atom in the lattice would be associated with a high propensity to segregate, that propensity being even higher at the surface than at the grain boundary. Recognition of this rule was key to understanding systems likely to show significant segregation and the impurities that needed control (9).
In 1969, the NPL research group was joined by Dr Malcolm McLean (no relation to Donald McLean). Detailed studies of the Cu/O system with M. McLean using the above approach showed, for the first time, how the anisotropy of the surface energy with crystal orientation changed with oxygen exposure and also how the segregation (adsorption) increased from the {111} surface through the {110} to the {100} surface (10) . The segregation was thought to inhibit the generation of vacancies at both surfaces and grain boundaries, so inhibiting diffusion creep (11).
Zero creep measurements for the Cu/Bi system, in which the Bi has very low solubility, showed that at temperatures around 1000°C, the surface segregation level saturated at about a monolayer, whilst that at the grain boundary reached 13% of a monolayer. Using the cohesive energy λ of the grain boundary given by λ = 2γ s − γ b , the presence of a solute will depress the surface energy γ s more than that at the grain boundary γ b , such that the cohesive energy is reduced significantly. This argument was used to explain hot intergranular cracking (12). Creep measurements continued to be very productive at NPL under the direction of M. McLean, who, in 1990, moved to become Head of the Materials Department at Imperial College.
The zero creep method to deduce segregations was labour intensive and was limited to measurements at very high temperatures. It required significant amounts of the studied material and the careful manufacture, from this, of thin foils. In the late 1960s, the surface analysis technique of Auger electron spectroscopy (AES) was first demonstrated as a surface analytical method in the USA and, in those first demonstrations, the segregation of sulphur at the free surface of nickel was observed, in situ, during the experiment. Spurred by this, Hondros recruited Dr Martin Seah to design an AES instrument in which alloys could be fractured within the instrument to analyse the grain boundary segregation equilibrated at lower temperatures. Initial results rapidly confirmed the relationship of the grain boundary enrichment factor (β gb ) and the inverse solubility (13) .
The Hondros-Seah partnership proved itself with many notable firsts in the application of surface physics to materials science. In a detailed study of the segregation of tin and sulphur in iron, the grain boundary quantities were measured by in situ fracture in ultra-high vacuum for equilibrium heat treatments in the important, lower, 500°C to 850°C range. The sulphur, from a bulk level of 30 ppm, showed 40% of a grain boundary monolayer, following a classical Langmuir-McLean adsorption relationship. However, the tin, at 4% by mass in the bulk, exhibited 1-3 monolayers, as shown in figure 2, and was interpreted as an example of the Brunauer-Emmett-Teller (BET) adsorption theory in which the segregation is not limited to one monolayer but could reach several monolayers. This seems quite reasonable since the original premise of saturation at a third of a monolayer was based on the availability of a fixed number of larger sites. However, each segregating atom leads to rearrangement of the nearby atoms to minimize the stored energy; at a high enough chemical potential, precipitation occurs at the grain boundary. The strain energy released by each solute atom upon segregation is not so strongly affected by prior segregation of atoms of that solute (14, 15) .
AES studies of industrial failures in steels, such as the well-known Hinkley Point A rotor failure, showed that most examples involved phosphorus segregation, but that a few also involved tin segregation (16) . The AES approach only required small bar specimens cut from failed components with no further heat treatment-two major advantages over the zero creep method. The surface analysis approach was very productive and could deal, quantitatively, with multi-component segregation in multi-component alloys. The surface analysis activity became very productive at NPL under the direction of Seah and continues to grow today, with its focus moving to the microelectronics and biochemical areas.
In an assessment of many binary systems, a study was made of the rule that the element with the lowest surface tension or melting point would enrich the surface. Experimental data supported this rule, but with some significant scatter showing that ln(β s ) was proportional to the difference in surface energies of the bulk and solute materials. An analysis based on a few simple approximations and the Gibbs adsorption theorem showed that indeed ln(1 + β s ) would be expected to be so related and, since β s was significantly above unity, the empirical rule was supported by both theory and experiment (19). Later studies showed a similar but more useful correlation at grain boundaries of ln(β gb ) (20), with the inverse solubility as shown in figure 3 . With Dr Colin Lea, measurements were made for another important form of intergranular fracture: that of stress corrosion cracking. Data for mild steel in nitrate solution gave a hierarchy of impurity elements which exacerbated stress corrosion cracking that correlated with the equilibrium oxidation potentials. The main culprits for commercial materials were phosphorus and copper (22, 23) . It was clear that quite low level impurities in steels could significantly deleteriously affect temper brittleness, stress relief cracking, creep embrittlement and intergranular stress corrosion cracking, and that the hierarchies of deleterious impurities in these situations could be summarized in a parameter called the Fragility Index (21, 24).
These materials problems were all associated with the accumulation of inter-facially active species at the grain boundaries. It was then recognized that similar segregations would also occur at inter-phase interfaces and that this would affect catalysis, surface hardening reactions, grain growth, precipitate growth, metal-ceramic adhesion and so on, and that more positive action was required to improve materials properties and to increase reliability (17, 20, 30). The obvious long term solution was to improve purity levels in the feedstock materials or in processing with particular attention being paid to removing those elements shown to be surface active by AES. However, in the short term, an alternative was to add gettering elements that would precipitate any injurious elements. As a test, for low alloy steels with phosphorus and tin impurities, it was calculated that lanthanum would be the most effective addition to precipitate both impurities. This was confirmed by Charpy impact tests where the ductile to brittle transition temperatures were reduced to or below that of the high purity material. The understanding of these issues had now reached a level in which the addition and removal of the deleterious effects could be demonstrated (18) . Around this time the main members of the group were, as shown in figure 4 , in front of an early X-ray photoelectron spectrometer. Hondros's pipe was ever present, even when studying clean surfaces. The reader can date this image from the attire and hairstyles.
In the 1980s, work was sufficiently advanced to return to some unresolved issues from the early period on grain boundary diffusivity. It was shown that the grain boundary transport of both solvent and solute species may be either enhanced or reduced by changes in the segregation at the grain boundary (25, 26) . This was important to recognize and could be illustrated nicely by, for instance, changes in the boundaries for both Coble and for Herring-Nabarro creep in Ashby's deformation mechanism maps (27, 29) .
Elsewhere, in the electronics manufacturing sector, the needs of miniaturization and improved reliability were putting increasing demands on automated soldering systems. Hondros now devised experiments to measure the surface tensions of tin-lead solders and the effects of fluxes on them. Strong effects were observed. This led to a better understanding of metal wetting and spreading behaviour (28) Soldering work continued to be very productive at NPL under the direction of Lea to underpin the novel surface mount technology for the modern microelectronic era, particularly mobile telephones. In the later period, Hondros took great interest in the Marangoni effect in which the change in temperature-dependent surface tension across a liquid surface provides a driving force to move material-the movement operating to reduce the system total energy. Thus, the region of high energy (e.g. clean material) will shrink whilst the region of low surface energy (e.g. segregated or contaminated) will expand. This can lead to the confinement of weld pools when the central region has a high surface energy, or their expansion when the heating allows surface-active species to move to the molten surface (31). This is shown in figure 5 and is important in ensuring penetration welds (confined pool). A similar effect occurs when the surface energy of the pure material has either positive (confined pool) or negative (expanded pool) temperature coefficients. The phenomenon also relates to plasma disruptions in fusion reactors. Here, the focusing of the plasma can lead either to a melting that is narrow and penetrating, leading to wall failure, or to broad and rapidly quenched, and safe.
In all these issues, Hondros understood how a very few atoms, concentrated by relevant energetics, could modify materials' behaviour out of all proportion to the amount of matter present and that what starts out as an uncontrolled nuisance can be turned to one's advantage.
To cement the position of NPL as global leader in understanding the role of impurities in the performance of engineering materials, in May 1978 Hondros's team organized a distinguished international conference held at the Royal Society, Residuals, Additives and Materials Properties, with 60 scientific papers and conference proceedings published as a hardback book that remains a benchmark reference in the field. Hondros did much to promote materials science research nationally and internationally, and to foster contacts with the industrial and academic communities. It may seem self-evident now, but 40 years ago, the importance of marketing one's scientific wares and demonstrating its impact, as much as presenting the science, were not appreciated. Hondros was a master at this, his command of the English language and his presentational style were used to full advantage in selling research activity to relevant funding bodies.
Hondros participated widely in international academic activities, with membership of European advisory committees as well as editorial committees of learned journals. He Hondros was a deliverer of inspirational and entertaining lectures, invited to speak at numerous international conferences and universities (figure 6). Most notably, in 1986 he was invited to present the thirty-fourth Hatfield Memorial Lecture at the University of Sheffield: Thermo-Capillary and other Tears-of-wine Phenomena in Materials. This annual event is one of the most prestigious in the materials science calendar.
Netherlands and Italy, 1985-1995
The European Commission's 1984-1987 Framework Programme of research heralded a strengthening of materials work, in particular research on high-temperature materials at its Joint Research Centre (JRC) Petten Establishment in the Netherlands. With this in view, in October 1984, Hondros was nominated as its new Director, a 10-year appointment that he took up at the start of 1985.
Knowledge of his strong scientific background led to a warm but wary welcome from the incumbent scientists in Petten. But no need for them to be apprehensive of this friendly, informal director, known to all as Ernie, who was always willing to hear about and discuss scientific matters. He would soon put his unique stamp on the place.
Hondros's appointment triggered a renewed scientific impetus at Petten and during his tenure he would have a great influence on both the research and its management. His encouragement to put science above all other demands from the European Commission resulted in an enthusiastic and satisfied cadre of scientists. As the Director, Hondros was credited with the development of the Petten Establishment into a first rate research laboratory with an international reputation in materials science.
In addition to developing and strengthening the calibre of high-temperature materials work at Petten, three major operational changes to the advantage of European research took place during the Hondros tenure.
First, he achieved great improvement in matching the research to, and integrating it with, other programmes of the European Commission, in particular the European Concerted Action Programme (COST), the Basic Research for Industry and Technology Programme (BRITE) and the Bureau for Reference Materials (BCR). Petten staff began to take on key management and evaluation roles within COST 501 (Energy generation and conversion using fossil fuels) and in COST 505 (Materials for steam turbines) as well as technical coordination in various groups such as 'lifetime prediction', 'remanent life' and 'oxide dispersion strengthened alloys'.
This more outgoing Petten high-temperature materials programme met with wide approval from the research and industrial circles with whom it collaborated, and its scientific and technical staff welcomed the opportunity of enhanced bilateral and multilateral contacts and collaboration with fellow scientists from all over Europe.
The second great change at Petten was imposed upon the Director: a change in funding mechanism, similar to that experienced by him a decade earlier at NPL. In 1986, the Commission proposed radical changes to the JRC's methods of financing. The key change proposed was the opening up of the facilities and expertise to the outside world, whilst maintaining the JRC's institutional role of scientific and technical support for the European Community policies. The JRC was encouraged to place its scientific potential at the disposal of national organizations and industries in the member states by means of research contracts, service work, cooperative projects and industrial clubs. The JRC in the future would work on a 'customer-contractor' basis and compete in the institutional and industrial markets to earn a proportion of its research funds.
The third change came with the abolition of the existing internal JRC structure and the creation of new institutes, of which the Institute for Advanced Materials (IAM) would be headed up by Hondros. As well as responding to changes in the Commission's priorities, duplication of activities at various JRC sites was removed. Effective from 1989, the IAM brought together the work at the Petten Establishment with that in the Material Sciences Division at Ispra, a research campus on the shore of Lake Maggiore, Italy. Hondros's IAM was composed of several units: Materials Processing and Engineering, Materials Characterisation, and Nuclear Engineering Materials at the Petten site, plus, at the Ispra site, Materials Performance and Reliability, Functional Materials, and Non-destructive Evaluation.
With his extended family in Australia, his wife Sissel's family in Norway and annual vacations in his homeland Greece, Hondros was well used to spending much of his time in airports, planes and hotels. The commuting between Petten and Ispra was just 'going to the office'; Hotel Concazzura became almost a second home. And so went a decade of Hondros's directorship across two large research establishments-the research effort was enormous, the achievements legion.
Hondros was well suited to managing change, and his staff, both technical and scientific, appreciated the great personal interest he showed in their work and their achievements. He made all staff feel involved in the Institute's success, and he was a well-respected, handson director. From his own extensive scientific background, he was able to make valuable stimulating and encouraging contributions.
A highlight was his occasional evening lectures to all the staff and their spouses, perhaps on the fascinating connectivity between science and art. He had an embracing presence, a great sense of humour and a rich, deeply resonant voice. At meetings and conferences, one could not help but listen to him expound on a whole range of subjects.
Hondros had very broad responsibilities in materials at both sites, Petten and Ispra, but still managed to fit in a few scientific hobbies, such as Marangoni effects in molten weld pools, often with the help of a fellow Greek, Dr Georgios Tsotridis. This was, perhaps at the margins of the JRC programme, but of great scientific interest for him, and a suitable connection to his love for red wine and its Marangoni tears.
Notwithstanding all the organizational and managerial churning, the central theme of the Institute's research continued to be directed at reliable use of advanced materials to the limits of their capabilities-the understanding of how materials behave when subjected to the extreme temperatures, mechanical stresses and chemical environments in modern energy generation systems such as aero-engines, gas turbines, car engines, coal gasification plant and fossil-fuelled, nuclear fission and nuclear fusion power generation plant. New areas of research were initiated, for example on engineering ceramics, ceramic-matrix composites and joining ceramics to metals. Investment was made in new facilities, such as a new building for the ceramics work and another for an extended fatigue laboratory. Much resource was placed on enhancing the accuracy of non-destructive evaluation methods and the prediction of residual life of components and structures. Research on surface modification techniques expanded, driven by engineering needs for hard coatings for tools and corrosion-resistant coatings. A major development was the setting up of the Advanced Coating Centre.
Through commitments to meet programme targets and financial targets, these never overrode the science. Hondros supported exploratory 'blue-sky' research to promote scientific innovation. Staff were encouraged to publish in peer-reviewed science journals. Research output rose, as did its impact, accompanied with a surge of publications. Collaborations prospered, staff were able to take sabbaticals around the world and considerable additional research resource came from supporting some 40 PhD students at universities throughout Europe. These were indeed good times for the IAM. The scientific and leadership contributions of Professor Hondros were recognized by the University of London with the awarding of an Honorary Doctorate, DSc honoris causa, in 1997.
He was then invited by Imperial College to chair the Advisory Committee of the Department of Materials. Additionally, he was appointed by the Royal Society as its representative on the Court of Imperial College. The Court is a formal body that serves the wider remit of the College, helping to ensure its strategies take into account the interests, aspirations and concerns of its stakeholders. Lea's early work at NPL mainly involved the use of novel surface analysis tools to improve the reliability of engineering materials. Most of his later research was in support of the electronics manufacturing industry.
In memoriam
Lea was honoured with an OBE in 1994 for his international leadership in helping manufacturing industries find solutions to the problems of replacing chemicals and processes banned by the 1987 Montreal Protocol on substances that deplete the ozone layer. In 1997 he was appointed as Head of the NPL Materials Centre. He retired in 2011.
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